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ABSTRACT
Weak gravitational lensing provides a direct way to study the mass distribution of
clusters of galaxies at large radii. Unfortunately, large scale structure along the line of
sight also contributes to the lensing signal, and consequently affects the measurements.
We quantify the effect of distant uncorrelated large scale structure on the inferred
mass profile of clusters as measured from weak lensing. We consider NFW profiles,
and find that large scale structure is a major source of uncertainty for most practical
situations, when a model, with the mass M200 and the concentration parameter c
as free parameters, is fit to the observations. We find that the best constraints are
found for clusters at intermediate redshifts (z ≈ 0.3). For a cluster at z = 0.3, optimal
results are obtained when the lensing signal is measured out to 10 − 15 arcminutes.
Measurements at larger radii do not improve the accuracy with which the profile can
be determined, contrary to what is expected when the contribution from large scale
structure is ignored. The true uncertainties in M200 and the concentration parameter
c are ∼ 2 times larger than when distant large scale structure is not included in the
error budget.
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1 INTRODUCTION
Dark matter plays an important role in the formation of
structure in the universe. However, little is known about
the nature of dark matter, but it has become clear that
the simplest paradigm, that of collisionless cold dark matter
(CDM), can explain the observed structure in the universe
quite well. Numerical simulations, which provide a powerful
way to study the formation of structure in the universe,
indicate that CDM gives rise to a particular density profile
(e.g., Dubinski & Carlberg 1991; Navarro, Frenk, & White
1995; Navarro, Frenk, & White 1997, hereafter NFW; Moore
et al. 1999). In these simulations, the NFW profile appears
to be an excellent description of the radial mass distribution
for halos with a wide range in mass.
The density profile on small scales, however, remains
controversial as other groups find different results (e.g.,
Ghigna et al. 2000). In addition, realistic simulations should
include the effect of baryons, which complicate matters even
further. On the other hand, there is good agreement for the
density profile on large scales, and a comparison of the pro-
files of real objects with the predictions provides an impor-
tant test of the assumption that structures form through
dissipationless collapse.
Clusters of galaxies are particularly well suited for such
a comparison, because their formation can be simulated
fairly well. Unfortunately, because clusters are dark matter
dominated, it is difficult to measure the mass distribution
at large radii from the cluster centre. Dynamical estimators
can be used, but assumptions have to be made about the
shape of the cluster, its dynamical state, and the velocity
anisotropies (e.g., van der Marel et al. 2000).
A promising approach is that of weak gravitational lens-
ing. The tidal gravitational field of the cluster distorts the
images of distant background galaxies. This distortion can
be measured and can be used to reconstruct the projected
mass density of the cluster (e.g., Kaiser & Squires 1993).
The advantage of weak lensing over dynamical methods is
that the results do not rely on the dynamical state or the na-
ture of the deflecting matter. More importantly, it does not
require a tracer of the gravitational potential (which limits
many dynamical methods), and as a result the lensing signal
can be measured out to large radii from the cluster centre.
The weak lensing signal induced by galaxy clusters has
been measured for a large number of systems (e.g., Bon-
net, Mellier & Fort 1994; Fahlman et al. 1994; Clowe et
al. 2000; Hoekstra et al. 2002a; Squires et al. 1996). These
early studies were limited by the field of view of the CCD
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cameras used in the observations. With the recent introduc-
tion of wide field imagers it is now possible to measure the
lensing signal out to large radii (Clowe & Schneider 2001,
2002) or study the mass distribution in superclusters (e.g.,
Kaiser et al. 1998; Gray et al. 2002). Many other weak lens-
ing applications are discussed in Hoekstra, Yee & Gladders
(2002b).
The lensing signal at large radii is low, and special care
has to be taken to correct for observational distortions, such
as PSF anisotropy, seeing and camera shear. These system-
atic signals typically have amplitudes comparable to the
lensing signal one is interested in. Fortunately, detailed stud-
ies have shown that the lensing signal can be recovered with
great accuracy (e.g., Hoekstra et al. 1998; Erben et al. 2001;
Bacon et al. 2001).
However, another source of error is usually ignored: the
contribution of large scale structure. The weak lensing sig-
nal is sensitive to all matter along the line of sight. In gen-
eral, cluster studies assume that the signal introduced by
the cluster is so dominant that the contributions from other
structures can be neglected.
The effect of local large scale structure (such as the fila-
ments connecting clusters and groups) on cluster mass esti-
mates has been studied through numerical simulations (Cen
1997; Metzler et al. 1999; White et al. 2002). These studies
show that local structures introduce both a bias and addi-
tional noise in the mass measurement. Estimates of cluster
mass-to-light ratios are affected less by these structures, as
both the mass and the light are expected to probe the same
structure.
The study of the contribution from distant large scale
structure (not correlated with the cluster) requires large cos-
mological simulations, as one needs to account for all mat-
ter along the line of sight. Hoekstra (2001) demonstrated
how the contribution of distant large scale structure can
be computed analytically. Hoekstra (2001) showed that the
large scale structure introduces noise in the cluster mass
measurement, but does not bias the result. The results pre-
sented by White et al. (2002), based on detailed numerical
simulations, are in good agreement with the findings from
Hoekstra (2001).
It is important to note that the distant large scale struc-
ture does affect the determination of the cluster mass-to-
light ratio. Furthermore, the distant large scale structure
provides a fundamental limit to the accuracy of weak lensing
mass estimates: deeper observations reduce the statistical
uncertainty (because of the intrinsic shapes of the sources),
but increase the noise from large scale structure (Hoekstra
2001).
These studies have demonstrated that the large scale
structure can be an important source of noise for the mass
determination of individual objects. The cluster mass is an
integral over the cluster profile, and therefore large scale
structure will have an impact on the determination of cluster
mass profiles.
Local large scale structure and substructure in the clus-
ter will change the profile. This was studied by King, Schnei-
der & Springel (2001) using a numerical simulation of a clus-
ter. They found that substructure increases the error on the
parameters by only ∼ 3%. Doubling the amount of substruc-
ture resulting in ∼ 10% larger errors. Based on these results,
King et al. (2001) concluded that weak lensing studies of
clusters can be of great use to study mass profiles.
However, King et al. (2001) did not consider the contri-
bution of distant large scale structure to the error budget.
In this paper, we use the approach introduced by Hoekstra
(2001) to quantify the contribution of distant large scale
structure on measurements of cluster density profiles.
The structure of the paper is as follows. In Section 2 we
calculate the contribution of distant large scale structure to
the lensing signal. The lensing properties of the NFW profile
are discussed in Section 3. The effects of distant large scale
structure are studied in Section 4, where we consider clusters
with different masses and redshifts.
2 NOISE FROM LARGE SCALE STRUCTURE
In the weak lensing regime, the coherent distortion of the im-
ages of the background galaxies provides a direct measure
of the lensing shear γ as a function of position. The pro-
jected mass distribution of a cluster can be reconstructed
in a parameter-free way from the observed shear field (e.g.,
Kaiser & Squires 1993). The resulting mass map can be used
to derive the cluster mass profile. However, the mass recon-
struction is a non-local operation, and as a result the noise
in the map varies as a function of position.
Although one can estimate the noise in non-parametric
reconstructions from bootstrap simulations, it is more con-
venient to use parameterised models which are fitted to the
observations. In the latter case the error properties are well
understood. To study the distribution of matter in the clus-
ter, 2-dimensional models can be fitted. Another approach
is to consider the azimuthally averaged tangential shear as a
function of radius from the centre. The latter is particularly
useful to estimate the mass of the cluster (e.g., Hoekstra et
al. 1998) or study the mass profile (e.g., Clowe et al. 2000;
Clowe & Schneider 2001; Clowe & Schneider 2002; Hoekstra
et al. 2002a).
Hoekstra (2001) showed how distant large scale struc-
ture affects the mass estimate when a singular isothermal
sphere (SIS) model is fitted to the tangential shear profile.
In this paper we apply the approach presented in Hoekstra
(2001) to estimate how large scale structure affects the mea-
sured tangential shear profile. This allows us to efficiently
simulate observations, and quantify the effect of distant large
scale structure on the derived cluster profile. We focus on
the NFW profile, which is discussed in Section 3, although
the procedure can be readily applied to any model.
The quantity of interest is the tangential shear aver-
aged in an annulus ranging from θ1 to θ2: 〈γT 〉(θ1, θ2). We
will show that the tangential shear in an annulus is a fil-
tered measurement of the surface mass density, i.e., it is a
particular choice of the aperture mass statistic Map (e.g.,





where U(θ) is the weight or filter function. Provided that
U(θ) is compensated, i.e.∫ θ
0
dϑ ϑU(ϑ) = 0, (2)
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